The majority of neurophysiological studies that have explored the role of the primate amygdala in the evaluation of social signals have relied on visual stimuli such as images of facial expressions. Vision, however, is not the only sensory modality that carries social signals. Both humans and nonhuman primates exchange emotionally meaningful social signals through touch. Indeed, social grooming in nonhuman primates and caressing touch in humans is critical for building lasting and reassuring social bonds. To determine the role of the amygdala in processing touch, we recorded the responses of single neurons in the macaque amygdala while we applied tactile stimuli to the face. We found that one-third of the recorded neurons responded to tactile stimulation. Although we recorded exclusively from the right amygdala, the receptive fields of 98% of the neurons were bilateral. A fraction of these tactile neurons were monitored during the production of facial expressions and during facial movements elicited occasionally by touch stimuli. Firing rates arising during the production of facial expressions were similar to those elicited by tactile stimulation. In a subset of cells, combining tactile stimulation with facial movement further augmented the firing rates. This suggests that tactile neurons in the amygdala receive input from skin mechanoceptors that are activated by touch and by compressions and stretches of the facial skin during the contraction of the underlying muscles. Tactile neurons in the amygdala may play a role in extracting the valence of touch stimuli and/or monitoring the facial expressions of self during social interactions.
Introduction
Among the canonical senses, touch provides a basic means of social contact and can convey both positive and negative emotions. Indeed, a primate's earliest socioemotional experience may be the protective embrace of a parent. Touch is used by both humans and nonhuman primates to build and maintain social bonds throughout life, yet little is known about how brain structures involved in evaluating socioemotional stimuli, such as the amygdala, process tactile signals. Only a few rodent studies showed a convergence of tactile and auditory inputs on single neurons in the amygdala (Romanski et al., 1993; Windels et al., 2016) . A small number of recent imaging studies suggest that the human amygdala processes social and affective touch (Gordon et al., 2013; McGlone et al., 2014; Morrison, 2016) , but the neural activity associated with these hemodynamic changes remains unknown.
The responses of neurons in the primate brain to socioemotional stimuli have been explored almost exclusively in the visual domain (Plakke and Romanski, 2016) , as vision is the dominant sensory modality for social communication among primates (Adolphs, 2010) . Indeed, neurons in the human and nonhuman primate amygdala respond selectively to visual stimuli of social significance, including identity , facial expressions Rutishauser et al., 2011) , and eye contact . Considerably less emphasis has been placed on auditory responses in the primate amygdala (Kuraoka and Nakamura, 2007; Resnik and Paz, 2015) , and no reports are available on single-unit activity elicited by tactile stimuli. The scarcity of neurophysiological studies in the somatosensory domain is surprising given the rich array of highly processed sensory information that multiple cortical areas send to the amygdala . Indeed, the amygdala is one of the main hubs of the primate brain, where multiple processing pathways converge (Tomasi and Volkow, 2011) . In the amygdala, the emotional and social significance of sensory inputs are evaluated through a sequence of processing stages localized to distinct nuclei. The outcome of this evaluation is forwarded to cortical (Amaral and Price, 1984; Cho et al., 2013) and subcortical (Price and Amaral, 1981; Gordon et al., 2013) targets.
Given the richness of emotional and social signals carried by touch, it seems likely that neurons in the amygdala respond to tactile stimulation. Here we present evidence that the activation of mechanoceptors in the facial skin, either by touch or by facial movements, increases activity in a subset of amygdala neurons. In this study, we focused on responses to facial stimulation because (1) the face has the largest representation in the cortical somatosensory maps (Kaas, 1993) , (2) the facial skin is a target of social grooming, and (3) the face is a key somatic substrate through which social information is broadcast to others via facial expressions.
Materials and Methods

Surgical procedures
All procedures on the animals were performed in accordance with The University of Arizona Animal Care Committee regulations. This study included three adult male macaques, Q, M, and Z (weight 7-12 kg; age 5-13 years). The stereotaxic coordinates of the right amygdala in each subject were calculated based on high-resolution (isotropic voxel size ϭ 0.5 mm) structural magnetic resonance imaging (MRI) scans. Each monkey was implanted with a chamber mounted on the skull above the right amygdala. The implant consisted of a recording chamber and three titanium posts (Thomas Recording, Giessen, Germany) that could be used to immobilize the head. A craniotomy (ϳ13-mm diameter) was opened in the center of each chamber. Between recording sessions, the craniotomy was sealed with a silicone elastomer to maintain sterility and prevent scarring of the dura (Spitler et al., 2008) .
Electrophysiological equipment
Single-unit activity from the amygdala of each monkey was recorded acutely with a seven-channel Eckhorn drive (Thomas Recording) that advanced seven microelectrodes (quartz-glass insulated tungsten electrodes, 80-to 100-m diameter, 1-to 2-M⍀ impedance) into the right amygdala. The anatomical location of each electrode tip in the amygdala was calculated based on a postsurgical MRI scan with a cylinder of Vitamin E fish oil aligned in the chamber and used as contrast to visualize the trajectory of the electrodes. Single-unit activity was preamplified 20ϫ (Thomas Recording), filtered (600 -6000 Hz), amplified (1000ϫ, Lynx-8; Neuralynx, Bozeman, MT), sampled continuously, and digitized at 40 kHz (Power 1401, Cambridge Electronic Design, Cambridge, UK). Single units were sorted offline using the Spike 2 template-matching algorithm and principal component analysis (Cambridge Electronic Design).
Stimuli and recording procedure
Microelectrodes were independently advanced along the dorsoventral axis of the amygdala. When a wellisolated single unit was identified, the monkey was blindfolded to eliminate the possibility that neurons recorded during tactile stimulation were visually responsive. Next, the cell was tested with an array of tactile stimuli applied to the face including brushing, touching with a rigid blunt probe, and touching or stretching the skin with the fingertips. If the stability of the recording was maintained during this cursory tactile stimulation, the receptive field of the neuron was mapped by touching different facial regions multiple times. Tactile stimulation was applied to seven nonoverlapping facial regions: (1) nose, (2) area around the eyes, (3) muzzle, (4) mouth (including lips, tongue, teeth), (5) chin, (6) ears, and (7) cheeks. In addition, if a neuron had a receptive field in the perioral area, several objects, such as juice-filled syringes, were placed between the lips to evoke puckering and sucking movements. The monkeys were highly adapted to having their faces touched and typically did not make facial expressions or other facial movements during the application of touch stimuli. On occasion, when objects such as syringes were placed between their lips, monkeys puckered their lips in an attempt to hold and orally explore the object. These trials were analyzed separately.
Once neural responses to tactile stimuli were recorded, the blindfold was removed and the monkeys were provoked to make facial expressions. This was possible only when recording stability was maintained throughout the tactile stimulation and during the production of facial expressions. The stimuli used to elicit facial expressions included videos of conspecifics displayed on a computer monitor or mobile device, looming objects, eye contact with a human intruder, and enticement with fruits and nuts. The most commonly evoked expressions were lip smacking and bared-teeth displays (fear grimace), although on occasion, the monkeys also produced openmouth threats and yawns. A video camera with a temporal resolution of 30 frames/s recorded the tactile stimulation and facial expressions of the monkeys. Given this frame rate, the temporal resolution for the onset of facial expressions was 33 ms. Video data were recorded simultaneously with neural data using the data acquisition system (Cambridge Electronic Design). The onset of facial expressions was marked as the earliest frame in which the monkey visibly moved his face.
Histology
Recording sites were calculated based on MRI scans and confirmed, postmortem, by histological analysis of the brain of one monkey (Q). This brain was sectioned in the coronal plane in 40-m slices, mounted on microscopic slides, and stained with Cresyl Violet. An electrolytic lesion was made during the final experiment (100-A direct current pulse, 20-s duration), which was used to localize the electrode tips within the amygdala.
Data analysis
All analyses were carried out using custom-designed programs in Matlab R2016 (MathWorks, Natick, MA). For statistical comparisons, Wilcoxon rank-sum or KruskalWallis tests were used (nonparametric versions of the classic t test and ANOVA, respectively). Nonparametric tests were used because firing rates in the amygdala are typically low and not normally distributed. Statistical definition of tactile cells involved the following procedures. Single-unit firing was binned at 100-ms resolution and calculated in each bin with a 20-ms sliding window. This method has been successfully used for the analysis of neurons with low firing rates (Kennerley et al., 2009; Rudebeck et al., 2013) . A Wilcoxon rank-sum test compared the spike rates during tactile stimulation to the spike rate during a pretouch baseline. If the activity in any bin during the tactile response window (0 -500 ms after stimulus onset) was significantly different from baseline (500-to 1000-ms window preceding the stimulus), the cell was classified as tactile responsive (␣ ϭ 0.05, Bonferroni corrected for number of bins: 0.05/20 bins ϭ 0.0025). Once a cell was identified as being tactile responsive, its receptive field was identified using a Kruskal-Wallis test that compared the mean firing rate during stimulation in seven different facial areas. If the Kruskal-Wallis test was significant (␣ ϭ 0.05), the cell was classified as having a receptive field. Post hoc Tukey-Kramer tests identified which areas of the face were within the neuron's receptive field. On occasion, recording stability was lost before all the areas of the face were touched. Receptive field size was defined as the number of responsive areas divided by the number of tested areas. To determine whether the receptive fields were bilateral, we performed analyses at both single-cell and population levels. At the single-cell level, we compared the mean firing rate during stimulation of the left and right side of the face using a paired rank-sum test (␣ ϭ 0.05). At the population level, we normalized the firing rate of all tactile cells by calculating the mean firing rate during stimulation on the left side and the right side of the face independently and then dividing by the maximum of the two. We then tested the population response to leftand right-side stimulation using a paired rank-sum test (␣ ϭ 0.05). We also computed an average population response from the normalized firing rates of the 45 tactile neurons. For each cell, the peristimulus time histogram (PSTH) was scaled from 0 to 1, the minimum and maximum firing rate achieved in the binned PSTH.
Results
Over the course of 34 sessions, we recorded 133 neurons from the right amygdalae of three adult male Rhesus monkeys: M, 22 neurons from 10 sessions; Q, 71 neurons from 15 sessions; and Z, 40 neurons from 9 sessions. On average, four neurons were recorded during each session. From our sample of 133 neurons, 45 (34%) met our criteria for tactile responsiveness.
Characteristics of receptive fields of tactileresponsive neurons in the amygdala
Four of the 45 cells responded to tactile stimulation everywhere on the face, the remaining 41 cells responded differentially to touching different regions of the face, and 63% of the 45 neurons had composite receptive fields that included more than one spatially distinct facial feature. The receptive fields were distributed across all areas of the face, including the ears. The average receptive field size, defined as the ratio of the number of responsive face areas/number of tested face areas, was 0.477 Ϯ 0.235 and ranged from 0.14 (1 of 7) to 1.0 (7 of 7), suggesting that the receptive fields generally were large, spanning a large proportion of the face. Figure 1 shows examples of tactile neurons and receptive fields. The receptive field of the neuron in Figure 1A spanned the muzzle bilaterally. The thin gray arrows inside the receptive field show a slight directional preference. Touching the muzzle elicited a sustained elevation of firing rate. In contrast, the neuron shown in Figure 1B showed only a transient elevation in firing rate when the muzzle, ears, or forehead was touched. This large, composite receptive field was also bilateral. The neuron shown in Figure 1C showed a sustained inhibition in firing rate during tactile stimulation of the lips. This neuron had one of the smallest receptive fields from the recorded population. Finally, the neuron in Figure 1D showed sustained elevation in firing during touch anywhere on the face. The combined receptive fields of the recorded population of 45 neurons spanned the entire face ( Fig. 2A) . Overall, the oral and perioral regions were the most strongly represented facial regions; they elicited responses in 71% of the cells ( Fig. 2A ; note that in Fig. 2 , the total proportion seems to exceed 100% because as described above, almost all the recorded cells responded to touches to more than one area of the face).
Although we recorded exclusively from the right amygdala, all neurons except one ( Fig. 2D ) had symmetrical, bilateral receptive fields (i.e., responded with similar changes in firing rate when the left and the right side of the face were touched; Fig. 2B ,C).
Firing rate characteristics of tactile neurons in the amygdala
Tactile neurons in the amygdala exhibited both tonic (58%) and phasic (42%) response profiles (Fig. 1A ,C,D and 1B, respectively). A large portion of tactile neurons (82%) responded to stimulation with increasing firing rates (e. g., Fig. 1A,B,D) ; the rest of the recorded neurons (18%) responded with decreasing firing rates (e.g., Fig.  1C ). The firing rate changes from baseline to maximal response ranged from 23.3 to 84.3 Hz.
Tactile neurons respond during facial movement and the production of facial expressions
We were able to maintain stable neurophysiological recordings for seven of 45 tactile cells throughout tactile stimulation and during the production of overt facial expressions. Six of these seven neurons showed significant changes in firing rate during facial expressions (Fig.  1A ,B,C, right side of each panel). The changes in firing rate elicited by the production of facial expressions and during touch by an external stimulus exhibited the same polarity (excitatory or inhibitory). Facial expressions were elicited by visual stimuli (such as a dangling stuffed animals with large eyes, the face of an experimenter, or the face of another monkey shown on the monitor of a handheld device in front of the monkey). Several observations support our conclusion that the firing changes of the tactile cells were due to the production of facial expressions and not to the eliciting visual stimuli. (1) The stimuli that elicited facial expressions were most effective during the first presentation and became less reliable during subsequent presentations; under these conditions the tactile neurons responded only when the monkey made a facial expression. (2) Tactile neurons responded reliably during the production of the facial expression even when the same expression was elicited by different visual stimuli. (3) The observed changes in firing rate were timelocked to the facial movements and not to the presentation of the visual stimuli.
Touching the face elicited facial movements on 16.1% of trials. These movements rarely amounted to full facial expressions (we have documented only nine cases of fear grimaces and threats); the rest of the time, these movements were a slight contraction of the underlying muscles. Most frequently, lip movements were elicited by the monkey attempting to orally explore the object that was touching his lips or muzzle. Some neurons had similar firing rates during touch trials and touch ϩ movement trials (Fig.  3A) . A subset of neurons, however, showed additional increases during touch ϩ movement trials (Fig. 3B,C) . These observations suggest that the responses of tactile neurons in the amygdala are driven by the activation of the mechanoceptors in the facial skin, and these mechanoceptors respond similarly to touch and to stretches or compressions of the skin during the contraction of underlying muscles. Furthermore, as shown in Figure 3B , when the tactile stimulus elicited facial movement, the duration of elevated firing rates was prolonged beyond the duration of the touch stimulus and returned to baseline only when the facial muscles relaxed. Across the population of touch-responsive cells, firing rate was doubled during touch stimuli that were accompanied by facial movement (Fig. 3D) .
Localization of tactile neurons in the amygdala
Tactile-responsive neurons were recorded from all major nuclei of the amygdala (Fig. 4) . Neurons that responded to tactile stimulation of a particular facial region were found in multiple nuclei without any obvious pattern of clustering to individual nuclei.
Discussion
We report here that a large fraction (34%) of neurons in the monkey amygdala respond to tactile stimulation of the face. Neural responses to tactile stimuli in the monkey amygdala have not been previously reported. Earlier single-unit recordings in anesthetized (Schütze et al., 1987) and awake (Knuepfer et al., 1995) cats indicated that some neurons in the amygdala were multisensory and responded to both touch and viscerosensory signals. Similarly, multisensory neurons were later found in the amygdalae of rats by Romanski et al. (1993) , who demonstrated that auditory and tactile inputs converge at single neurons in the lateral nucleus of the amygdala. A role of the amygdala in touch has also been suggested by Murray and Mishkin (1983) , who reported that monkeys with bilateral amygdala lesions showed deficits in tactile learning. Albeit, their impairments could not be uniquely attributed to the amygdala, as the hippocampi, entorhinal cortex, and perirhinal cortex were also damaged by the continued production of fear grimaces and in preparation to receive food or accept a nonfood item in the mouth. Other facial expressions that involved lip movements did not elicit changes in neural activity. D, Tonic excitatory response to tactile stimulation anywhere on the face. This neuron did not respond during the production of facial expressions. studies have outlined many of the pathways involved in emotional touch and have shown that the amygdala is a key component of these pathways Gordon et al., 2013; McGlone et al., 2014) . However, the cellular basis for this role has not yet been firmly established. The response properties of the tactile neurons reported here resemble the properties of visually responsive neurons in the monkey amygdala. In response to both visual and tactile stimuli, neurons in the amygdala showed either phasic or tonic increases or decreases of firing rates . Much like other neurons in the amygdala that evaluate the emotional significance (or value) of visual inputs (Paton et al., 2006; Morrison and Salzman, 2010; Gore et al., 2015) , the tactile neurons might evaluate the inherent valence or social significance of the tactile stimuli Laine et al., 2009; Mosher et al., 2014) . Future experiments specifically designed to measure neural responses to the emotional and social dimension of touch stimuli are needed to evaluate this hypothesis.
Recent neuroimaging and behavioral studies indicate that the amygdala appears to extract affective aspects of touch (e.g., McGlone and Reilly, 2010; Morrison et al., 2010; Lucas et al., 2015) . Recently, touch-sensitive neurons have been reported in the monkey insula (Grandi and Gerbella, 2016) . These neurons respond to sweeping stimuli that approximate how monkeys groom during social interactions. Sweeping movements of low velocity are known to activate the recently discovered tactile C fibers in the skin specialized to signal pleasurable touch . The insula is a secondary somatosensory area that processes both external (environmental) and internal (visceral) signals and is highly connected to Figure 3 . The combined effects of tactile stimulation and facial movement. The top three panels show rasters (top) and PSTHs (bottom) for the three example cells. Neural activity elicited by touch alone is shown in black, whereas neural activity elicited by touch and movement is shown in gray. On each raster, the end of the tactile stimulation is indicated by the red dot. The touch events are sorted by duration. A, no difference in firing rate during touch alone and touch that elicited facial movement. B, increased response duration for touches that elicited facial movement. C, increased firing rate for touches that elicited facial movment. D, Comparison of the normalized firing elicited in the same population of neurons by touch alone (black) and touch combined with facial movements (gray). In general, tactile stimulation combined with facial expressions led to higher firing rates. The red bar above the population histogram indicated the bins in which the firing rates are significantly different (Wilcoxon rank-sum test, ␣ ϭ 0.001) the amygdala (Aggleton et al., 1980; Friedman et al., 1986; Amaral and Insausti, 1992; Craig, 2003; Berlucchi and Aglioti, 2010; Jezzini et al., 2015; Nieuwenhuys, 2012) . Projections from the insula target both the basolateral and centromedial group of amygdala nuclei. This is unusual, because cortical inputs that carry signals from the external environment typically arrive to the lateral and basal nuclei, whereas subcortical inputs from the autonomic centers in the brainstem and hypothalamus target the central nuclei . By virtue of these inputs, the amygdala is well positioned to process information about both the external environment (i.e., monitoring the status of others) and the internal environment (i.e., monitoring the status of self). We found that tactile neurons in the amygdala are activated not only when the experimenter manually stimulates the skin but also when the skin is stretched or compressed during the production of facial expressions. As the facial musculature lacks muscle spindles and tendon organs (Happak et al., 1988) , the cutaneous mechanoceptors of the skin are the main source of proprioceptive feedback from the face (Cattaneo and Pavesi, 2014) . Because each facial expression in the macaque is associated with a particular configuration of the facial skin (Waller et al., 2008; Parr et al., 2010) , it seems possible that distinctive patterns of activity across populations of tactile neurons carry information about the facial expression of self. Such information, then, might be relayed to the amygdala to help monitor facial expression of self, as suggested by Livneh et al. (2012) . It may also mediate the emotional evaluation of somatosensory inputs, similar to the well-established role of the amygdala in evaluating the emotional significance and social salience of stimuli of all sensory modalities. . MRI-based reconstruction of recording sites. Filled circles mark the location of tactile neurons on a representative coronal section through the amygdala and are color-coded for the location of their receptive fields (yellow ϭ nose, blue ϭ eye region, green ϭ muzzle, red ϭ mouth, gray ϭ chin, purple ϭ ear, orange ϭ cheek). Open circles represent neurons with large receptive fields that covered the entire face and are shown on every panel. Neurons with multiple receptive fields are shown in each panel that corresponds to their receptive fields. Histological verification of electrode location in the amygdala is from monkey Q. The arrowhead indicates an electrolytic lesion applied to the site where the neuron shown in Figure 1C was recorded. opt, optic tract; ent, entorhinal cortex; L, lateral nucleus; B, basal nucleus; AB, accessory basal nucleus; Ce, central nucleus; M, medial nucleus).
